Abstract: Urban areas play a very important role in global climate change. There is increasing need to understand global urban areas with sufficient spatial details for global climate change mitigation. Remote sensing imagery, such as medium resolution Landsat daytime multispectral imagery and coarse resolution Defense Meteorological Satellite Program/Operational Linescan System (DMSP/OLS) nighttime light imagery, has provided a powerful tool for characterizing and mapping cities, with advantages and disadvantages. Here we propose a framework to merge cloud and cloud shadow-free Landsat Normalized Difference Vegetation Index (NDVI) composite and DMSP/OLS Night Time Light (NTL) to characterize global urban areas at a 30 m resolution, through a Normalized Difference Urban Index (NDUI) to make full use of them while minimizing their limitations. We modify the maximum NDVI value multi-date image compositing method to generate the cloud and cloud shadow-free Landsat NDVI composite, which is critical for generating a global NDUI. Evaluation results show the NDUI can effectively increase the separability between urban areas and bare lands as well as farmland, capturing large scale urban extents and, at the same time, providing sufficient spatial details inside urban areas. With advanced 
Introduction
Due to broad impacts of the concentrated built environment and human activities, cities are now considered agents of global change [1] . Although occupying only about 2% of the global land surface [2] , cities worldwide are now hosting more than 50% of the world's population [3] , producing more than 90% of the world gross domestic production (GDP) [4] , consuming more than 70% of the available energy [5] , and generating more than 71% of the anthropogenic greenhouse gas emissions [6] . As a major factor shaping the Earth system, the importance of cities is increasing rapidly [7] . By 2100, 70%-90% of the world's population, which is projected to add another three billion, will live in urban regions [8] . In order to harness the growth and development benefits of urbanization while proactively managing its negative effects [9] , there is growing interest in monitoring urban areas at regional and global scales to help thinking globally, as well as obtaining fine details of urban spatial structures at the local scale to facilitate acting locally. For example, practical carbon emission mitigation strategies require knowledge of cities down to the street and individual building level [10] .
Remote sensing imagery with various spatial resolutions has long been used to monitor and map cities locally and globally. Coarse resolution remote sensing imagery can help monitor urban areas at large scales but cannot provide sufficient spatial details at the street level. Furthermore, existing satellite-based efforts at mapping global urban extents with coarse resolution imagery fail to agree on the size and pattern of urban land use, with estimates ranging from 0.2% to 2.4% of terrestrial land surface circa 2000 [11] . The disagreement comes from three major components: no common definition of urban areas, coarse image resolutions, and the performance of algorithms.
Finer resolution images are very useful in mapping urban details but their application to large scales is often limited. For example, with its medium resolution (30 m) and long historical archive, Landsat makes it possible to map urban extents with considerable accuracy. In fact, it has been the main resource in mapping urban areas, especially since its availability to the public as of 2008 at no charge [12] . In a meta-analysis of global urban land expansion, Seto et al. [13] reported a total of 326 studies that have used remotely sensed images, mainly from Landsat, to map urban land conversion scattered around the world up to the year 2000. Although Landsat has contributed significantly to the understanding of urban land cover and land use change, these efforts have largely focused on individual city or city-region studies, with few comparative or global-scale studies at the Landsat resolution [13] . This is mainly due to the Landsat data availability at the time, the limitation of computing facility, and algorithms to analyze the data. Furthermore, all these studies are very laborintensive due to the optical spectral complexity of urban materials and their confusion with bare lands, including fallow land. In an urban area, many land cover types/surface materials are spectrally similar, which makes it extremely difficult to analyze an urban scene using a single sensor with a limited spectral range [14, 15] . For example, some land cover types are spectrally indistinguishable from each other within a Landsat Thematic Mapper (TM) scene, such as asphalt versus water or shadow, and bare soil versus newly completed concrete sections [16] .
Various efforts have reported their success in enhancing urban features in remote sensing images, including the Biophysical Composition Index (BCI) [17] and the multi-source Normalized Difference Impervious Surface Index (MNDISI) [18] , to make them more distinguishable from background features. However, due to the confusion between impervious surface and water, water has to be masked out first through an unsupervised classification process before calculating BCI, and constructing BCI involves cross-pixel comparison, which thus leads to heavy computation and non-automation [17] . MNDISI combines Landsat surface temperature and fine resolution International Space Station night light images to highlight urban areas [18] . However, temperature can vary significantly across space; for example, in summertime, areas in lowlands can be warmer than areas in highlands. Furthermore, finer resolution night light images are not available for the entire globe and for multiple times.
Unlike Landsat data, DMSP/OLS Nighttime Light (NTL) imagery can provide thematic information to effectively highlight urban areas out of the background comprising other land cover and land use types, thus minimizing the confusion between urban areas and bare lands, and it can reduce the burden of distinguishing land use types within urban areas. Consequently, DMSP/OLS NTL imagery has been a very important resource to characterize and map urban areas [19] [20] [21] [22] . However, it suffers from saturation and overglow effects, as well as its coarse resolution [23] . Mapping urban areas with only DMSP/OLS NTL thus remains a big challenge.
Combining DMSP/OLS NTL with daytime optical spectral information such as Moderate Resolution Imaging Spectroradiometer (MODIS) can further highlight and increase variation in urban areas [24] [25] [26] through overcoming limitations in each individual source. An observed fact is that the profiles of vegetation density and luminosity intensity along transects passing through urban cores often exhibit an inverse relationship: vegetation density decreases while luminosity increases from the rural area to the urban core. Such a relationship has been used to generate an index to characterize urban areas and bring back the spatial details into saturated urban cores in the NTL images through a combination of MODIS NDVI and DMSP/OLS luminosity data [25] . However, the coarse resolutions remain the key limitation.
The purpose of this study is to highlight urban areas by integrating the medium resolution Landsat and the coarse resolution DMSP/OLS NTL. We aim to investigate the potential of combining the coarse resolution DMSP nighttime light data with medium resolution Landsat data to enhance urban features at regional and global scales. Considering that both Landsat and DMSP/OLS have long historical archives, we expect our investigation on combining them together will also enable tracking urban expansion over time. Specifically, we focus on two major issues. First, we generate cloud and cloud shadow-free Landsat NDVI composites in growing seasons to maximize the separability between fallow lands and urban areas. Second, we combine Landsat NDVI with DMSP/OLS NTL to highlight urban features at the Landsat scale through constructing and implementing a normalized difference urban index (NDUI) on a cloud computing platform, the Google Earth Engine, for regional and global scale urban area analysis. The Google Earth Engine gathers together the Earth's raw satellite imagery data-petabytes of historical, present, and future data, including those from Landsat-and makes them easily available for analysis via expert-provided algorithms. With its progressive remote sensing image processing capabilities, the advanced computing system Google Earth Engine now allows efficiently processing and characterizing global-scale Landsat time-series data sets for quantifying land change [27] .
We expect combining coarse resolution DMSP/OLS nighttime light imagery with the medium resolution Landsat NDVI composites will maximize the separation between urban areas and barren lands, which are often very easily confused. Furthermore, we aim to make the entire image processing and information extraction highly automated to allow for regional and global scale applications. Evaluation results show that the proposed NDUI can greatly enhance urban areas, which can then be easily distinguished from bare lands including fallows and desserts. With the capability to delineate urban boundaries and, at the same time, to present sufficient spatial details within urban areas, the NDUI has the potential for urbanization studies at regional and global scales.
Methodology

Data and Preprocessing
Google Earth Engine hosts the entire Landsat-7 Enhanced Thematic Mapper Plus (ETM+) data archive from the U.S. Geological Survey Earth Resources Observation and Science (EROS) Center Landsat archive. All the Landsat-7/ETM+ L1T data, regardless of the amount of cloud cover, are used in this study. We only use the L1T data to reduce the impact of misregistration errors, which is critical for temporal compositing. The L1T geo-location error is less than 30 m even in areas with substantial terrain relief [28] . Each Landsat-7/ETM+ L1T scene is approximately 185 km by 185 km and since May 2003 has 22% missing pixels occurring in a repeating along-scan stripe pattern because of the ETM+ scan line corrector (SLC) failure [29] . In this study, we use all the six 30 m reflective Landsat ETM+ wavelength bands: Blue (band 1: 0.45-0.52 µm), Green (band 2: 0.53-0.61 µm), Red (band 3: 0.63-0.69 µm), Near-infrared (band 4: 0.78-0.90 µm), and two Middle-infrared (bands 5 and 7: 1.55-1.75 µm and 2.09-2.35 µm). We use all the available Landsat-7/ETM+ imagery from 2000 to 2002 and from 2006 to 2008 to generate NDVI composites before and after the SLC failure to examine its impacts on the compositing processes.
We convert raw Digital Number (DN) to Top of Atmosphere (TOA) reflectance for Landsat-7/ETM+ using coefficients derived from [30] . Bad pixels with at least one spectral band missing often exist in ETM+ images, especially at the edges of a scene. They must be first identified and masked out before generating the NDVI composite. We generate a bad ETM+ pixel (including gaps due to SLC-off) mask by examining the product of Bands 1-5 and Band 7: if the product equals 0, the pixel is a bad one and must be discarded.
We obtained the version 4 DMSP/OLS NTL data from the website of the National Geophysical Data Center at the National Oceanic and Atmospheric Administration [31] and the data were also hosted on Google Earth Engine. The version 4 DMSP/OLS NTL data consists of the 3000 km swath width NTL scan lines divided into an array of grids with 0.55 km spatial resolution, which are aggregated and composited to 30 arc second (about 1 km) grids. Each grid in the annual composite data contains a DN that indicates the average nighttime light intensity observed within each year. Background noise in the composite were identified and replaced with values of zero during the compositing process, and final data values range from 0 to 63 (63.0) . Since the stable DMSP/OLS NTL contain gas flares that are often in remote areas, we mask out gas flares with the gas flare products developed by Elvidge et al. [31, 32] .
Both ETM+ and NTL images are then automatically reprojected into a common projection (geographic) on the fly in Google Earth Engine. The 1 km NTL is then resampled to a 30 m resolution to match the spatial resolution of ETM+.
We obtain the National Land Cover Database 2006 (NLCD 2006) land cover products and the Impervious Surface Area (ISA) products from the United States Geological Survey (USGS) for developing compositing algorithms and for evaluation purposes. The NLCD products are the only publicly available national land cover products at the Landsat scale and have been strictly evaluated [33] [34] [35] at the time of the current analysis. To be consistent, we adopt the NLCD definition of urban: areas characterized by a high percentage (30% or greater) of constructed materials (e.g. asphalt, concrete, buildings, etc.) [36] .
ETM+ NDVI Composing
Since its launch in 1999, Landsat-7/ETM+ has accumulated a very dense stack of multiple spectral band imagery at a 30 m spatial resolution. Its opening to the public, free of charge, since 2008 [12] has introduced a new era of global applications using remote sensing data at the 30 m resolution [27, [37] [38] [39] . However, its utilization has been greatly impeded due to cloud and cloud shadow contamination and inadequate algorithms to analyze them. Consequently, the vast majority of the applications are confined to individual small regions [13] . In terms of cloud cover, a Landsat scene (185 km by 185 km) could be in one of the three statuses: clear (no clouds in the scene), partially contaminated (with some clouds but part of the land can still be seen from space), or completely contaminated (with 100% cloud cover). Manually selecting clear Landsat images is the main strategy in most of the studies, which can be very labor-intensive and time-consuming for a large region. However, clear images are often rare, especially in tropical areas with consistent heavy cloud covers [40] . Consequently, good image pixels containing useful information in partially contaminated scenes are often not well exploited.
In order to use clear pixels in partially contaminated images, researchers have developed two major strategies to automatically deal with clouds in remote sensing images: 1) exhausting mapping efforts (direct) and 2) multi-temporal image compositing by selecting only good quality data based on some criteria (indirect). Automated cloud classification methods based on a single Landsat image [41] [42] [43] [44] [45] [46] [47] [48] achieved high accuracies in detecting clouds and their shadows. Recent cloud classification efforts based on multi-temporal images [49] [50] [51] [52] [53] [54] [55] [56] have been proposed to better detect clouds and cloud shadows. The method proposed in [57] only deals with clouds and ignored cloud shadows, while the method proposed by Zhu et al. [48] is designed to detect clouds and associated shadows simultaneously in Landsat images. Although these existing cloud and cloud shadow classification methods can reach high accuracy, residual clouds, especially thin clouds, still pose challenges. Furthermore, supervised classification methods are often labor-intensive and time-consuming, and thus are not suitable for global applications.
Alternatively, satellite image compositing was developed originally to automatically pick up image pixels free of cloud or cloud shadow contamination in Advanced Very High Resolution Radiometer (AVHRR) time series pixel by pixel. Such a technique aims to produce a composite with good image pixels from different times even if there is no single clear image available during a specific period. It can thus make use of data from all images that are not completely contaminated. The Maximum NDVI Value method and the Maximum Apparent Temperature method [58] are the most commonly used compositing methods. Both methods are based on the observations from coarse resolution AVHRR images that clouds and cloud shadows decrease NDVI values and apparent temperatures over vegetated surfaces. The Maximum NDVI Value method works well over vegetated surfaces but fails over desert and water because clouds can have greater NDVI values than bare land and water [58] . The Maximum Apparent Temperature method assumes that the land surface remains stable during a short period of time, such as 10 days. However, over a longer period, the surface might change dramatically. A pixel can be warmer on a summer day even in a cloud shadow than on a clear winter day. Landsat visits the same place every 16 days, which means that in order to have enough observations from Landsat for a successful composite, a longer time period is required. In our case, we plan to do nominal annual composing using all images over three years. Thus, the Maximum Apparent Temperature method cannot be directly used to generate global cloud and cloud shadow-free Landsat composites.
Despite its limitations, the maximum NDVI compositing method is simple, easy, and fast, and thus has the potential to be applied to generate global NDVI composites and can guarantee good quality data (if it does exist) from growing seasons will be included. This method was modified for generating MODIS vegetation indices by incorporating the smallest view angle constraint to minimize sensor view variations associated with the anisotropic surface reflectance properties, i.e., Bidirectional Reflectance Distribution Function (BRDF) and helps reduce spatial and temporal discontinuities in the composited product [59] .
However, the MODIS version does not treat vegetation, bare land, and water separately, either. Here we modify the Maximum NDVI compositing method to generate a global ETM+ NDVI composite on the Google Earth Engine platform through treating vegetation, bare land, and water differently. We begin with a careful examination of the impacts of clouds and cloud shadows over different types of land covers, i.e. vegetated surface, bare land, and water surface, on NDVI.
Impact of Clouds and Cloud Shadows on NDVI over Different Land Surfaces
The effects of clouds and their shadows on modifying land surface NDVI values measured from space highly depend on the underlying land cover types: water, vegetation, and bare land ( Figure 1 ). Here we define the bare land class to include all land surfaces that are neither covered by water nor vegetation, such as deserts and dense built-up areas. Over vegetated land surfaces, NDVI values decrease due to both clouds and cloud shadows ( To summarize, over vegetated surface cloud and cloud shadow-free observations in growing seasons should show the maximum NDVI values in a time series, while over bare land surface they should have the median NDVI values, and over water surface they should exhibit the minimum NDVI values (Table 1) . Based on these empirical observations, we can develop mixed NDVI criteria instead of a single maximum NDVI criterion to retrieve cloud and cloud shadow-free observations over different land surfaces. We will therefore retrieve clear-sky observations with a maximum NDVI value over vegetation, with a median NDVI value over bare land, and with a minimum NDVI value over water (Table 1) . Applying different composing criteria, as mentioned above, requires first delineating land surfaces into the three categories: water, bare land, and vegetation. Such a delineation must be simple, fast, and easy so that it can be applied to a large area and, eventually, the entire globe. For this purpose, we chose five 2° × 2° regions covering water, bare land, and vegetated areas in the United States as testing sites ( Figure 2 ). We chose these sites in the United States because the NLCD 2006 land cover products can provide detailed ground information at the Landsat scale. We examine the distributions of maximum and minimum NDVI values in the three-year period within each of the three categories in these regions. To do that, we first regroup the NLCD 2006 classes into the three categories: water (Water), bare land (Barren), and vegetation (Forest, Shrubland, Herbaceous, Planted/Cultivated, and Wetlands). At this stage, we decide to provisionally ignore the Developed NLCD class, since they are often mixed classes (built-up areas mixed with vegetation or water) with complex spectral signals. From distributions of maximum and minimum NDVI values within each category, we find that vegetated areas often have a maximum NDVI value greater than 0.4, and the maximum NDVI values of bare land and water are very unlikely greater than 0.4 (dashed lines in Figure 3 ). Thus, we can safely draw a line at 0.4 to separate vegetation from the other two categories. Similarly, water often has a minimum NDVI value less than −0.2 and the other two categories are very unlikely to have minimum NDVI values lower than −0.2 (solid lines in Figure 3 ). Using the minimum NDVI value of −0.2, we can safely separate water from the vegetation and bare land. Consequently, we design a set of rules based on these observations to delineate vegetation (max. NDVI > 0.4), water (min. NDVI < −0.2) and bare land (anything else) for applying different criteria on the ETM+ time series to retrieve cloud and cloud shadow-free observations. What needs to be pointed out here is that such stratification is not a rigorous land cover classification, but only a rough guess of ground conditions, with the goal to facilitate picking clear acquisitions in a time series. It is not surprising that under such stratification, some sparsely vegetated areas can have low NDVI values and they must be grouped into the bare land category. For example, Site 4 and Site 5 are in dry climate zones and are dominated by the shrub/scrub class, which leads the vegetation category to have a maximum NDVI value less than 0.4 ( Figure 3) . Furthermore, the High Intensity Developed NLCD classes might have low NDVI values and they can be grouped into the bare land category, while other Developed NLCD classes with lower impervious intensities might have higher NDVI values and can be grouped into the vegetated land category. Such stratification is indeed provisional, since after the compositing procedure each pixel will be assigned with a cloud and cloud shadow-free observation that can be later used to do a more detailed classification if needed. 
Building a Nominal Annual NDVI Composite from Multi-Year ETM+ Imagery
In mapping urban areas, fallow land often poses the greatest challenge, due to its spectral similarity to urban features, such as roads, roofs, etc. In order to distinguish urban areas from fallow lands that are often seasonal, growing season images are often required. However, completely cloud-free Landsat images are usually hard to obtain, especially during growing seasons when precipitation is abundant, which means more cloud cover is present. To maximize the degree of separability between fallow lands and urban areas, we built a nominal annual composite with Landsat images taken within a contiguous three-year period. This is based on the fact that on one hand, fallow lands are normally temporal. An observed fact is that a piece of farmland will be reclaimed after being left as fallow for one or, at most, two years. It is very rare that a piece of farmland remains fallow contiguously for more than three years. In rare cases, a piece of farmland is abandoned contiguously for more than three years and wild grasses often will cover its surface, thus making that piece of farmland easily distinguishable from urban areas. On the other hand, urbanization is often path-dependent, i.e. a piece of land once built up is very unlikely to return back to other types of land within a relatively short period, e.g. three years. Furthermore, taking images from three years can maximize the chance of getting cloud and cloud shadow-free observations, especially in regions that have heavy cloud cover and after the ETM+ SLC failure. We built a nominal annual composite for one specific year with a time series comprising all imagery from that year and the following two years. In that way, consistent urban areas can be successfully separated from temporal fallow lands. We summarize the entire procedure to generate ETM+ NDVI composites on the Google Earth Engine platform in a multi-step flow chart (Figure 4 ). 
The Normalized Difference Urban Index (NDUI)
The profiles of vegetation density and luminosity intensity along transects passing through urban cores often exhibit an inverse relationship: vegetation density decreases while luminosity increases from rural areas to the urban core. Such a relationship has been used to generate indices to characterize urban areas by combining MODIS NDVI, a vegetation index, and DMSP/OLS luminosity data [24, 25] . We propose here to replace MODIS NDVI with Landsat-7/ETM+ NDVI to capture urban spatial structures at a much finer scale. We construct a Normalized Difference Urban Index (NDUI) by combining ETM+ NDVI with DMSP/OLS luminosity data:
where NTL is normalized DMSP/OLS nighttime light data, and NDVI is cloud-free ETM+ NDVI.
Since water normally has NDVI values less than 0 and urban areas cannot exist under water, we confine NDVI to not be less than 0 in Equation 1 to make the NDUI mathematically more robust and easy to interpret. According to this definition, well-lit urban cores with very sparse vegetation cover will have high NDUI values close to 1, and unlit remote rural areas with abundant vegetation will have low values close to −1.
In the above definition, a cloud and cloud shadow-free NDVI composite from the growing season is critical in order to maximize the separability between urban and vegetated areas, especially agricultural lands experiencing seasonal fallow periods.
To implement the NDUI on the Google Earth Engine platform, both DMSP/OLS NTL and Landsat-7/ETM+ NDVI composites are reprojected into a common geographic coordinate system (geographic projection). We then resample the 1-km DMSP/OLS normalized NTL data down to 30 m by assigning each 30 m sub grid within the same 1-km DMSP/OLS NTL grid the same normalized NTL value. We finally calculate the NDUI using Equation 1 with the 30-m DMSP/OLS normalized NTL and 30-m ETM+ NDVI. The NDUI is a single band image containing information with urban areas enhanced, very similar to NDVI containing information with vegetation enhanced.
Evaluating NDUI with NLCD 2006
We evaluate the NDUI within each NLCD Developed class (the urban classes) to examine its capability in characterizing urban areas at the Landsat scale at two evaluating sites in the United States (Figure 2A,B) . Site A covers most of the Salt Lake City metropolitan area and part of the Salt Lake in Utah, USA. Urban areas in this region are surrounded by densely forested mountains on the east side and by the Salt Lake and desert on the west side. Site B covers the Chicago metropolitan area and its surrounding regions. Heavily urbanized parts of the Chicago metropolitan area are surrounded by Lake Michigan on the east side and by intense agriculture lands on the west and south sides. We chose these two regions as evaluation sites mainly due to their spatial configurations of urban areas, water, and desert. We argue that their spatial configurations can have a wide representativeness. They can test the proposed NDUI's capability in distinguishing urban built-up areas from not only vegetated areas, but also bare lands and water. In other words, within these two test sites, we will test whether the NDUI can still enhance urban areas when there is no dense vegetation cover right outside of an urban area, since there are a number of cities located in dry lands worldwide. We will focus on evaluating the NDUI's separability between urban areas and agricultural lands mainly in site B, while evaluating the separability between urban areas and bare lands (desert) mainly in site A.
We investigate the separability between urban areas and bare lands as well as farmland by visually examining their histograms. We further quantify the separability between urban areas and bare lands using the SDI (Spectral Discrimination Index) [60, 61] . The SDI measures the degree of separation between the histograms of two classes, with a focus on the relative locations and spreads of two histograms. We calculate SDIs with each of NDUI, BCI, NDVI, and NDBI individually. For a particular index, SDI values greater than 1 indicate good separability between the two classes, while values less than 1 denote poor separability due to large overlaps.
Results
Landsat-7/ETM+ NDVI Composites
To test the algorithm performances, we first chose a small water area within site B and a bare land area within site A and generate nominal 2006 NDVI composites with the proposed Mixed NDVI criteria and with the Maximum NDVI criteria for comparison ( Figure 5 ). It is clear that in both sites our proposed Mixed NDVI criteria successfully generate cloud-and cloud shadow-free NDVI composites, while the Maximum NDVI criteria fails to exclude all clouds and cloud shadows. Furthermore, gaps due to SLC-off in the ETM+ images over both sites are also filled in the composites generated with the proposed Mixed NDVI criteria, while they are still visible in the composites generated with the Maximum NDVI criteria. For a large region, we show a 2006 ETM+ nominal annual NDVI composite built with three-year ETM+ imagery (2006−2008) in the conterminous US as an example generated with the Mixed NDVI composing framework ( Figure 6 ). In this NDVI composite, the first thing we want to mention is that clouds and cloud shadows have been successfully removed. Second, vegetated areas including agriculture lands, e.g. the Great Plains, have high NDVI values. Third, urban areas, such as the Chicago region and the New York City region, surrounded by vegetated lands and water, are now nicely distinguishable from their vicinity areas. Fourth, dry regions exhibit very small NDVI values, and thus look very similar to urban areas, i.e. it is hard to distinguish urban areas from other bare lands with NDVI only. Fifth, contrasts between neighboring Landsat paths, especially in the eastern part of the country, are discernible. 
Date Distribution in the NDVI Composites
As mentioned earlier, an important purpose of building the Landsat-7/ETM+ NDVI composites is to collect good quality acquisitions during the growing season to maximize the separation between vegetation and urban built-up areas. An examination of the distribution of dates when clear acquisitions that were entered into the final composite were taken provides a way to check the quality of that composite. We calculated the distribution of dates for all vegetated pixels in the 2006 Chicago composite ( Figure 7A ). For comparison, we also calculated the distribution of dates for all vegetated pixels in the 2000 Chicago composite ( Figure 7A ) to examine the effects of gaps due to SLC failure on the composites. It is clear the majority of dates fall in between the end of April (Day of Year (DOY) 120) and early October (DOY 280), roughly the growing season in the Chicago area. A comparison between 2000 and 2006 reveals that the date distribution in 2000 is slightly tighter than in 2006, suggesting that gaps due to SLC failure do reduce the quality of the final ETM+ composite to some degree. A two-sample Kolmogorov-Smirnov test also confirms that the differences between the two date distributions are statistically significant, with a D statistic equal to 0.2855 (the p-value is 2.2e −16 and the total numbers of valid pixels over the evaluation sites are 21,032,235 and 20,732,443). Another fact that can be observed is that the final composites contain data from all three years in each compositing period (Figure 7C,D) . Multiple peaks can be observed in the date distributions. In the final 2006 NDVI composite, cloud-and cloud shadow-free data may be acquired in all three years. This is partly because of the gaps due to SLC failure. For example, there are some grey straps can be observed in the date map ( Figure 8A ) with shapes very similar to those of the gaps caused by the SLC-off. Furthermore, the white patchiness in a subset of the acquisition date map in the Chicago region ( Figure 8A ) strongly suggests that it might also be a result of the agricultural practices occurring in the field (Figure 8D-E) . It is obvious that there is heterogeneity in agricultural practices, such as different cropping, in this region. However, despite that heterogeneity, the Mixed NDVI compositing procedure successfully picked the growing season NDVI values. For example, the majority of the NDVI values for vegetated pixels in each year are larger than 0.8 ( Figure 8C ). 
Characterizing Urban Areas by NDUI
We chose the Salt Lake City region as our testing site to examine the capability of the NDUI in characterizing and mapping urban areas (Figure 9 ). An example NDUI map from the Chicago region is shown in Figure 9C . In this map, spatial details can be easily identified. For example, major roads radiating out from downtown are very distinct from the surroundings. It is clear that these spatial details, which are lacking in the NTL image ( Figure 9B) , come from the Landsat-7/ETM+ NDVI composite ( Figure 9A) . Visually, the NDUI map is very comparable to the NLCD land cover map ( Figure 9D ), suggesting that the NDUI successfully enhances urban areas.
The NDUI captures not only regional urban areas but also local urban areas with fine details. For example, road arterials can be easily identified within Salt Lake City (Figure 10 ). The downtown area, the commercial strip, the two industrial zones, and the Salt Lake City International Airport all pop up and can be easily distinguished from their surroundings (Figure 10 ). 
Separating Urban Area from Agricultural Land
The Chicago region in focus ( Figure 2B ) can be roughly grouped into three categories: cultivated crops that occupy more than 30% of the region, water body (part of Lake Michigan), and urban areas (the Chicago Metro area). This can be well revealed by the Landsat NDVI composite ( Figure 11A ). The Mixed NDVI compositing procedure ensures NDVI values from growing seasons and removes fallow land as much as possible. Consequently, there exists a distinct break between bare land (mainly urban areas in this region) and vegetated land (mainly agricultural land) ( Figure 11A) . Analysis of the NDUI further confirms the separability between the urban area and agricultural land ( Figure 11B A close look at the NDUI values reveals some interesting patterns. The bimodal distribution of the NDUI of the Developed, Medium Intensity class is mainly due to the bimodal distribution of NDVI within that class. For example, street trees are common in Chicago, covering parts of streets and leaving others bare across the entire city. This leads to very different NDVI values even along the same individual street, especially within residential neighborhoods. Many residential streets are much narrower than 30 meters, which leads to mixed Landsat pixels covering street trees, street pavement, and possible rooftops. Consequently, some developed pixels can have relatively high NDVI values.
Quantitative Assessment of NDUI
To quantitatively examine the NDUI's capability in enhancing urban features, we compare it with the NLCD2006 ISA product, which is a measure of built-up area density. We extract data values of the NDUI and NLCD ISA from a latitudinal transect in Salt Lake City and plot them together ( Figure 12A) . We also build a linear model to see if a statistically strong linear relationship between the two exists ( Figure 12B) . Visually, the latitudinal profiles of the NDUI and NLCD ISA generally match well, while the quantitative assessment only shows a fairly strong positive relationship between them with a R 2 value of 0.227. A close look at the profiles reveals that there are some discrepancies between them. The largest discrepancy appears inside the black dotted rectangle (Figure 12A ), where most of that piece of land was bare (not built) in 2006, as confirmed by high resolution Google Earth images ( Figure 12C ). The bare proportion has low NDVI values but was influenced by the night lights from its neighboring built-up land, which led to a high NDUI value while the ISA value was 0. The R 2 value increased to 0.372 (y = 0.6998x + 0.1032, R 2 = 0.3722) after we removed data points in that region. Pikes and valleys in the two profiles generally match; however, their spatial locations can shift by one or two pixels in many cases. That might be attributed to the low geo-referencing accuracy of some Landsat ETM+ scenes [39] , as the NDUI was calculated with the NDVI composite generated from multi-year scenes, and thus there is a chance the geometrical errors in some scenes got transferred into the final product. Another factor attributing to the relatively low R 2 value is the spatial distribution of vegetation within urban areas, as discussed earlier. Consequently, each Developed class exhibits a bimodal distribution, which means there is a chance that some pixels with the same ISA value might have different NDUI values. 
Comparison with Other Indices in Terms of Separating Urban Areas from Bare Lands
We calculate the distributions of the NDUI, BCI, NDVI, and the Normalized Difference Built Up Index (NDBI) [62] within each of the barren land classes and the Developed classes in the two evaluation sites in the Salt Lake City region ( Figure 9D 1−2) . The Developed classes are well separated from the barren land class by the NDUI, with the majority of barren land class having NDUI values around −1, while the majority of Developed classes have NDUI values larger than 0 ( Figure 13A) . Furthermore, SDI values between the barren land class and all the Developed classes are all greater than 1 ( Table 2) , confirming the good separability between the two groups. The two groups are also well separated by BCI, with the majority of the Barren Land class having BCI values less than −0.25, while the majority of Developed classes have BCI values greater than −0.25. However, a detailed examination of SDIs shows that there exists some degree of confusion between the barren land class and the Developed, Open Space class with a SDI value of 0.78, as well as the Developed, Low Intensity class with a SDI value of 0.94 (Table 2 ). In contrast, the Developed classes cannot be separated from the barren land class by either NDVI or NDBI ( Figure 13C,D) . The barren land class totally overlaps the Developed, High Intensity class, with SDI values lower than 1 ( Table 2) .
The right, smaller peaks of the barren land class curve in both NDUI and BCI are due to the Bingham Canyon Open-Pit Copper Mine southwest of Salt Lake City ( Figure 10G ) and a large sand pit at the Point of the Mountain between Salt Lake City and Provo ( Figure 10F ). The mine has been in production since 1906, and has resulted in the creation of a pit over 0.6 miles (0.97 km) deep, 2.5 miles (4 km) wide, and covering 1900 acres (770 ha). Both sites are still used for industrial purposes and are well lit at night though they are classified as barren land in the NLCD 2006 land use land cover product. We also noticed that some Developed pixels have negative NDUI values ( Figure 13A) . A further check of these pixels reveals that these are not well lit, with either low or high NDVI values (Figure 14) , indicating a failure of the NDUI to capture built-up areas under such conditions. 
Discussion
Our assessment shows that the NDUI successfully minimizes confusion between urban areas and bare lands, including fallows and barren lands, thus enhancing urban areas at the regional scale. This success comes from the fact that the NDUI combines the composited Landsat NDVI and DMSP/OLS NTL. The composited Landsat NDVI ensures that agricultural lands all have maximum NDVI values taken in growing seasons to minimize the impact on urban detection from seasonal fallow lands. Since deserts and other barren lands not related to urban uses are normally not lit, DMSP/OLS NTL can effectively separate them from urban areas. Furthermore, we show that the NDUI can not only characterize urban areas at the regional scale, but also reveals their fine spatial details at a 30 m resolution, indicating the success of combining medium resolution Landsat-7/ETM+ with coarse resolution DMSP/OLS NTL. The fine spatial details lacking in DMSP/OLS NTL are well compensated by the medium resolution Landsat NDVI. Although there are other indices such as BCI that can similarly enhance urban areas, their requirement for first masking out water makes them less competitive than the proposed NDUI, which can be highly automated and scalable.
The Mixed NDVI value compositing procedure is a value-adding process. We have shown that it can effectively remove not only clouds and cloud shadows, but also gaps caused by SLC-off in the ETM+ imagery since May 2003. This strategy ensures the picking of growing season pixels as much as possible, which thus relieves the burden of finding cloud-free images in the growing season which normally has more rainy days. First, the growing season composite forms a three-mode NDVI distribution ( Figure 11 ). The three peaks roughly correspond to the three broad land categories: water, vegetated land, and non-vegetated land. The implication of this is that it simplifies surface characterization that could otherwise be very complicated in an image taken at a time not in the growing season. Consequently, non-vegetated lands such as urban areas can be easily separated from water and vegetated lands. Second, it fills gaps due to SLC failure. The reason that these gaps can be filled by the Mixed NDVI compositing procedure may be attributed to slight positional shifting of the scan lines in the orbit at different revisits. Although there are about 22% pixels missing in each ETM+ scene since May 2003, the locations of the gaps can be slightly different during different visits. This gives the sensor the precious opportunity that every single piece of the global land surface has the chance to be scanned during a long period, such as three consecutive years. Furthermore, the Mixed NDVI value compositing method is simple, fast, and can be easily extended to generate cloud-and cloud shadow-free Landsat NDVI composites at the global scale.
We generated Landsat-7/ETM+ NDVI composites from original Landsat imagery taken during three consecutive years to: 1) minimize the influence from fallows; and 2) improve the quality of the final NDVI composites. The gaps due to SLC-off in Landsat-7/ETM+ imagery are successfully filled when we use all the imagery from three years to increase the chance of getting cloud-and cloud shadow-free and gap-free observations. The comparison between the date distribution of the 2000 and 2006 Landsat NDVI composites shows that the quality of the final NDVI composite will be improved if we have more gap-free observations (Figure 7 ). The number of total observations in a specific period will increase if we can also include Landsat-5/TM imagery or other Landsat-like imagery, such as that from the Chinese Ziyuan-3 satellite. However, that will require inter-satellite calibration and accurate cross-imagery geo-referencing. As we have shown, slight geo-referencing errors in some scenes have affected the NDUI's capability to quantitatively characterize urban areas.
Land surface stratification is critical to the success of the proposed composing method. We roughly grouped land surface into three categories. We have to point out that such stratification is not intended to do a very accurate land cover classification. Instead, we only need a rough guess of the ground condition. Furthermore, the vegetated category might not include land surface with sparse vegetation cover. Sparse vegetation is treated as bare land under the current composing framework, due to the low maximum NDVI values they can have. We then have to apply the "median NDVI" strategy to retrieve clear-sky observations over those surfaces. Examples are Site 4 and Site 5 (Figure 2) , where sparse vegetation is dominant. This Mixed NDVI compositing method can also be applied to time series data obtained from other remote sensors, such as MODIS, to generate cloud-and cloud shadow-free composites. MODIS covers the entire globe twice a day. Such a dense time series is ideal for generating cloud-and cloud shadow-free satellite image composites.
Although the NDUI is simple and easy to implement, there are still challenges. First, edges between scenes are discernible in the final Landsat-7/ETM+ NDVI composites, mainly due to BRDF effects. Second, gaps caused by SLC-off can be filled, but with data from different dates, which means there can exist a phenology difference in the final Landsat NDVI composites. Landsat-7 needs at least 16 days to completely scan the entire globe, which means that even under perfect weather conditions (no clouds globally during a consecutive 16-day period), a global Landsat-7 composite will still contain a phenology difference. Biases caused by vegetation phenology differences can be even larger than those caused by BRDF effects and are much harder to correct. Due to this reason, we did not correct the BRDF effects during our Landsat-7/ETM+ NDVI compositing procedure, but we will focus on this issue in our future research. Third, we did not perform atmospheric correction on the Landsat-7/ETM+ imagery. Although the compositing method based on NDVI values can effectively minimize atmospheric effects, there is still a chance that residual aerosols can exist in the final NDVI composites. Future efforts to correct all these biases are highly needed. Finally, substantial quantities of impervious surfaces can exist within rural areas, including rural roads, highways, and farmhouses, which might not all be well lit and thus can be missed by the NDUI (Figure 14) . Some urban areas are in darkness due to the lack of electricity and humanitarian disasters [63] [64] [65] and non-urban bare land can be influenced by night lights, which will also lead to underestimation or overestimation accordingly.
Our evaluation results show the NDUI's potential for regional and global scale urban characterization. However, we have selected sites only in the US to build and evaluate our models. Although these sites were chosen with the goal to have broad representativeness, land cover and land use worldwide can vary dramatically. Furthermore, energy consumption patterns and urban spatial configurations outside the US can also be very different from those inside the US. To extend NDUI use to other regions, it will be necessary to have more testing and evaluation of sites outside the US.
Conclusions
The proposed Normalized Difference Urban Index (NDUI) combines medium resolution Landsat NDVI composites with coarse resolution DMSP/OLS nighttime light (NTL) images to better characterize urban areas, easily distinguishing them from non-urban land features at a much finer resolution. To facilitate the construction of the NDUI, we propose a new compositing method to generate cloud-and cloud shadow-free Landsat NDVI composites, by treating water, vegetation, and non-vegetation land surfaces individually with different compositing criteria. Our assessments of the NDUI confirm its ability to bring NTL down to the 30-m scale to reveal urban spatial structures with finer details. Moreover, its simplicity enables rapid characterization and monitoring of urban areas globally. With more than 20 years of the DMSP/OLS NTL data archive and more than 30 years of the Landsat data archive available, the NDUI provides an efficient practice for characterizing historical urban form and spatial structures. The NDUI is a response to urgent calls for simple, timely, and relevant remote sensing measures that help inform practical decision-making about the built environment.
Nevertheless, there are still challenges associated with the NDUI. The NDUI's capability to characterize urban areas highly depends on night lighting. Consequently, built-up areas that are not lit during the night cannot be detected by the NDUI, and non-urban bare land that is lit during the night will be hard to be distinguished from urban areas by the NDUI. Furthermore, some Landsat scenes with less geo-referencing accuracy in a time series will downgrade the quality of the final NDVI composites and eventually the quality of the NDUI.
The new generation night light sensor, the Visible/Infrared Imager/Radiometer Suite (VIIRS), aboard the Suomi Preparatory Project Satellite (NPP) has been collecting data in the Day/Night Bands (DNB) spanning the visible and infrared regions since October 28 2011 [66] . Compared with DMSP/OLS, VIIRS has a broader dynamic radiometric range and advanced onboard calibration facilities, which enable it to take continuous and consistent measurements of nighttime lights free of saturation. As a successor to Landsat-7/ETM+, the Landsat-8/OLI (Operational Land Imager) has improved sensor signal-to-noise performance and associated improvements in radiometric resolution, and an improved duty cycle that allows the collection of a significantly greater number of images per day [67] . The availability of high quality data from both VIIRS and OLI will improve the NDUI and extend its application in the future.
